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directional responses to vibrotactile stimuli
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Abstract—In this paper we investigate the influence of the location of vibrotactile stimulation in triggering the response made using two
handheld joysticks. In particular, we compare performance with stimuli delivered either using tactors placed on the palm or on the back
of the hand and with attractive (move toward the vibration) or repulsive prompts (move away from the vibration). The experimental
set-up comprised two joysticks and two gloves, each equipped with four pager motors along the cardinal directions.
In different blocks, fifty-three volunteers were asked to move the joysticks as fast as possible either towards or away with respect to the
direction specified by a set of vibrating motors. Results indicate that participants performed better with attractive prompts (i.e.
responses were faster and with fewer errors in conditions where participants were asked to move the joysticks in the direction of the felt
vibration) and that the stimulation delivered on the back of the hand from the gloves gives better results than the stimulation on the
palm delivered by the joysticks. Finally, we analyse the laterality, the relation between correct responses and reaction times, the
direction patterns for wrong responses and we perform an analysis on the Stimulus-Response Compatibility and on the training effect.
Index Terms—joysticks, vibrotactile stimuli, attractive / repulsive prompt, haptics, reaction time.
F
1 INTRODUCTION
JOYSTICKS are often used as input devices to remotelyoperate a machine or a robot in master/slave configu-
ration. Even though they have been conceived in the 60s,
they can still find application in many different fields: exca-
vators, cranes, forklifts, electric-powered wheelchairs, robot
telemanipulation and micromanipulation. Concerning robot
telemanipulation, joysticks are employed in considerable
tasks such as, for example, robots for surgery or robotic
systems for missions in orbit or for planetary exploration.
Joysticks large diffusion and flexibility of applications
are due to the fact that they are reliable, ergonomic (op-
erator’s elbows lay on armrests), cost-affordable, ideal for
rugged applications and, to certain extension, intuitive to
operate. In fact, if the manipulator is controlled in such
a way that there is a direct correspondence between each
joystick Degree of Freedom (DoF) and each manipulator
joint position or velocity, the mapping between the DoFs
of the slave manipulator and the DoFs of the joysticks
are counter-intuitive. This is because the inverse kinematic
calculation, from the DoFs of the manipulator to the DoFs
of the joystick, is mentally demanded [1].
Because of the counter-intuitive and demanding cogni-
tive mapping processes, candidate users of joysticks require
long-time training sessions to acquire the skills needed to
operate in a safe and efficient way. Training can be per-
formed on the field but it is an approach that raises several
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safety and cost issues. For these reasons in the last decades
several training simulators, especially in the field of heavy
equipment (mostly excavators [2] [3] and cranes [4] [5]),
have been developed. The training is usually based on trial-
and-error sessions where a skill instructor supervises and
gives verbal instructions. At the present time, vibrotactile
stimulations have never been provided during joysticks
motion training in order to prompt the subject.
On the other hand, vibrotactile feedback systems have
been applied in several different fields, for example in
sports, to improve athletes performances; in rehabilitation,
to recover lost motor functions as quickly and permanently
as possible; in navigation and orientation, in order to reduce
the workload of visual and auditory systems [6]. In sports,
tactile displays applications can be found in soccer [7], skat-
ing and cycling [7], dancing [7] [8], rowing [7] [9] and snow-
boarding [10]. A vibrotactile feedback system, combined
with motion capture, has been developed also in the field of
music in order to support the teaching of good posture and
bowing technique to novice violin players with important
results [11]. Several studies have shown the efficacy of
vibrotactile feedback also during stroke rehabilitation [12]
[13] [14] and gait retraining [15]. Vibrotactile displays can
also support navigation and orientation while walking [16]
[17] [18], driving [19] and operating in a helicopter cockpit
[20]. Furthermore, vibrotactile stimulations to the torso have
been used to indicate directions in a virtual environment in
combination with joystick manipulation [21].
Two possibilities for providing instructional stimula-
tions have been studied: attractive, for which a subject is
instructed to move toward the vibration, and repulsive,
for which a subject is instructed to move in the opposite
direction with respect to the vibration felt.
Attractive stimulation has been applied during walking
in pedestrian guidance [16] [17] [18], driving [19] and flying
[20]. On the other side, repulsive stimulations have been
2used in the development of a balance prosthesis using vi-
brotactile feedback to indicate body movements away from
a stable position [22]. Other studies based on repulsive cues
have been carried out for postural control recovery from
multi-axis discrete perturbations [23], real-time biofeedback
during balance training [24] and trunk sway during gait
tasks [25]. Furthermore, other studies have shown that, in
the absence of instruction, random vibrotactile stimulation
over the internal obliques muscles and erector spine muscle
induces small tilt deviations on the order of 1.0◦ toward
the stimulation [26] [27] [28]. Moreover, in [29], a preferred
direction of intuitive response to vibrations on different
body location has not been found.
Up to now, only few studies have compared the effects
of attractive versus repulsive instructional cues. In the study
of torso vibrotactile feedback on balance performance par-
ticipants performed better when using repulsive cues [30].
Similar results have been obtained in the examination of
anterior-posterior trunk movements [31]. In the experiments
on an arm guidance system for use in rehabilitation, no
strong preference or performances differences between at-
tractive and repulsive tactile feedback was found [32]. In
contrast, the attractive mode proved to be more intuitive
for initiating left and right wrist rotations [33]; in the wrist
guidance in 2-D space, the “pull” approach (attractive)
allows participants to perform better with respect to the
“push” mapping (repulsive) [34]. Furthermore, in a recent
study on the training in divergent (repulsive) and con-
vergent (attractive) force field during teleoperation with a
robot-assisted surgical system, a better performance of the
repulsive field was highlighted throughout the training,
even though no significant differences were found at the
end of the experiments [35].
No studies on the effects of attractive versus repulsive
vibrotactile stimulation for prompting joysticks motion have
been performed until now. The aim of this work is to estab-
lish whether an attractive stimulation gives better results
than a repulsive one in a joysticks training session, in terms
of correct responses and reaction times during a test. At the
same time, we investigate whether a vibration stimulating
the back of the hand is more efficient than a vibration
provided by the joystick and stimulating the palm of the
hand. This paper is an extended version of a preliminary
work presented at IEEE World Haptics Conference 2017
[36]. It is organized as follows: firstly, we provide a detailed
exposition of our methods and experimental set-up (Section
2). Then, results are analysed, taking into account correct
responses and reaction times as main performance metrics
(Section 3). Finally, a forward-looking discussion (Section 4)
and the conclusions of this work (Section 5) are presented.
2 METHODS
2.1 Participants
In this study, participants were recruited among the popula-
tion of students and professors of the University of Trieste.
A total of 53 people (40 males, 13 females) participated,
ranging in age from 20 to 45 years with mean of 25.1
and standard deviation of 4.1. All participants have been
subjected to the Handedness Questionnaire [37] in order
to calculate their Laterality Index (LI); fifty of them were
mainly right-handed, the other three left-handed.
The right hand span of each subject was measured before
the experiment and a value of 20.9± 1.8 cm was found. Six
participants had a previous practice with flight simulator
joysticks, five of them had experience in the driving of an
excavator by means of joysticks and forty three subjects
had practice with video game console before. None of the
subjects involved in the experiment had a mobility disorder
of upper limbs, twenty six of them were wearing glasses.
The University of Trieste Ethics Committee approved the
experimental protocol and each participant gave informed
consent prior to starting the tests.
2.2 Experiment apparatus
The experimental set-up is composed of two joysticks,
two gloves and a data acquisition device connected to a
computer. Each joystick (Fig. 1(a)) and glove (Fig. 1(b)) is
equipped with four vibrating disk motors to induce the
vibrotactile stimuli. The vibrating motors are simple coin
electric actuators by Precision MicrodrivesTM with a diam-
eter of 10.0 mm and a thickness of 3.0 mm. They operate
at a rated voltage of 3 V and provide a vibe force with an
amplitude of almost 1 g and a frequency of 200Hz, drawing
less than 90mA. They have a typical rise time of 92ms and
a stop time of 116ms. The four vibrating motors are placed
on the gloves in a cross configuration.
(a)
(b)
Fig. 1: Experimental apparatus: joysticks (a) and gloves (b)
equipped with vibrating motors.
For the experiment two video game joysticks by
Speedlink, model WASP SL-6612, are used. Inside each
joystick two resistive potentiometers are present, which are
3able to detect the motion of the sticks in the four directions
and send four analogue signals to the data acquisition
device. The original stick has been replaced with a handle
in teflon, which incorporates a foam rubber ring on which
the four vibrating motors are placed, in order to avoid the
transmission of the vibration to the whole stick during the
tests. All vibrating motors input wires are contained in the
sticks and are connected, by means of a DE-9 connector, to
the power circuit.
2.3 Data acquisition set-up
The data recorded by the potentiometers are logged into
a specific portable acquisition device (MyRIO-1900 by Na-
tional Instruments). For this purpose a real-time control
system has been developed in LabVIEWTM environment.
The data acquisition device is also used to control the
activation of the vibrating motors during tests, switching on
and off the 3 V power by means of digital outputs. During
each test the four analogue signals from the potentiometers
and the boolean value (on/off) of each vibrating motor are
acquired at a sampling rate of 1 KHz and saved in an
output file. MyRIO is connected to a computer by means
of a USB cable. On the PC runs a graphical user interface,
thanks to which it is possible for the experimenter to select
the test to perform, start the experiment, abort it and control
its correct execution.
2.4 Test protocol
All participants completed four different vibrotactile in-
structional cues, two provided from the vibrating motors
placed on the joysticks and stimulating the palm of hands
in attractive and repulsive mode, two provided from the
gloves vibrating motors and stimulating the back of hands
in both modalities. For the sake of simplicity, these four dif-
ferent tests have been called Attractive Joystick, Repulsive
Joystick, Attractive Glove and Repulsive Glove. In Tab.1 an
example for each of the four tests is reported.
Each of the four tests is composed by 16 vibrotactile
stimulations provided in a different random order: two for
each main direction (Forward, Backward, Right and Left)
of the two hands. Each stimulation consists of a 200 ms
single vibration: the attractive mode is intended to induce
the motion of the joystick in the direction of the delivered
vibration, whereas the repulsive mode should induce the
motion of the joystick in the opposite direction to the one
from which the vibration comes from. Each stimulus was
delivered at only one hand at a time. The four tests are
completed by participants in random order by alternating
the attractive and the repulsive modalities, so as to avoid
that the results were distorted by the progressive learning
of the subjects.
Before the start of the experiment, subjects were in-
formed about the tests and they were asked about personal
information for statistical purposes (age, gender, right hand
span length, previous experience with flight simulators,
excavators and video game console controlled by means of
joysticks, whether upper limbs disorders were present and
glasses worn) and they were subjected to Laterality Index
questionnaire. Then they were instructed to sit in front of the
experiment set-up, to handle the joysticks with both hands
TABLE 1: Examples of the four different tests. The red dot
indicates the stimulus whereas the arrow the prompted
direction.
Joystick Glove
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(wearing gloves or not depending from the test) and listen
which test they were going to attend. After that they were
instructed to move the joystick related to the stimulated
hand in the direction of the vibration (or in the opposite
one) as soon as they feel the stimulus. After the movement,
they should bring back the joystick in its central position.
The vibrational stimulations were dispensed every three
seconds, lasting a total of 48 s for each test.
2.5 Data analysis
Data acquired during the experiments were elaborated in
order to find the reaction times and the number of correct
movements during each test. A dedicated software for data
analysis was implemented in MatlabTM environment. Data
elaboration software was able to import results from output
files for each of the four tests. Values acquired from each
potentiometer ranged between −1 and 1, corresponding
to the minimum and the maximum voltage value. In Fig.
2(a) a graphical representation of an Attractive Glove test is
reported. The four graphs show the vibration prompts and
the motion of both right and left joystick over time, in the
four directions.
The reaction time was computed as the time elapsed
between the beginning of the stimulus and the time at
which one of the two joysticks potentiometers reached 75%
of its range. The threshold was selected before the start of
experiments by analysing the results of pilot tests. Such a
value avoided recording unintentional movements while
it triggered the response before the end of the workspace
was reached. In attractive conditions, the response was
considered correct if the potentiometer that first passed the
threshold was in the direction of the vibration, whereas in
repulsive conditions it was in the opposite direction. Fig.
2(b) and 2(c) depict the time line of an attractive and a
repulsive trial respectively.
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Fig. 2: (a) Graphical representation of an Attractive Glove test: the four graphs indicate the responses over time of the right
and left hands in the four directions. (b) Zoom on a single Attractive stimulation. (c) Zoom on a single Repulsive prompt.
A statistical analysis has been provided for the outcome
evaluation. For each set of numerical continuous variables,
the normality has been verified by means of Kolmogorov-
Smirnov test. The eventual correlation between normal con-
tinuous variables and stimulation patterns has been stud-
ied, in case of variances homogeneity, by means of 2-way
repeated measures ANOVA test. The eventual correlation
between non-normal continuous variables and vibration
patterns has been evaluated by means of Wilcoxon two-
sample paired signed-rank test. To evaluate statistical differ-
ences between two related units on a continuous outcome
that is normally distributed the paired-sample t-test has
been adopted. To test for consistent differences between
pairs of observations the Bonferroni corrected sign test has
been applied.
3 RESULTS
3.1 Correct responses
The proportion of correct responses is not distributed nor-
mally (K-S test p < 0.001). Fig. 3(a) summarises the re-
sponses obtained in the four conditions. Responses were
more frequently made in the correct direction when tactile
cues were delivered using the glove (Wilcoxon two-sample
paired signed-rank test N = 53; attractive Z = −5.13,
p < 0.001; repulsive Z = −5.65, p < 0.001).
There was no coherent difference in the number of
correct responses due to attractive/repulsive task demand
(Wilcoxon two-sample paired signed-rank test N = 53;
glove Z = −0.33, p = 0.75; joystick Z = −0.18, p = 0.85).
3.2 Reaction times
Reaction times are found to be normally distributed across
participants (K-S test p = 0.180, p = 0.065 for right and
wrong responses). Fig.s 3(b) and 3(c) summarise the reaction
times for correct and wrong responses in the four condi-
tions, whereas Tab. 2 reports mean and standard deviation
values in milliseconds. Participants responded faster when
the stimulations was provided by gloves rather than from
joysticks (factor gloves/joysticks of a 2-way repeated mea-
sures ANOVA on average RT: F (52, 1) = 77.7, p < 0.001,
ηp = 59.9). Moreover, correct responses were faster in the
attractive modality (factor attractive/repulsive of the 2-way
repeated measures ANOVA: F (52, 1) = 28.0, p < 0.001,
ηp = 35.0). The interaction between the two factors is not
significant (F (52, 1) = 1.3, p = 0.25, ηp = 2.5).
Reaction times for incorrect responses is usually higher
than for correct responses (paired-sample t-test on average
reaction time across conditions t(50) = −2.7, p = 0.0082).
Interestingly, the difference is only driven by the repul-
sive conditions (Bonferroni corrected sign test on the RT
difference for each condition: Attractive Glove p = 0.67,
Repulsive Glove p = 0.022, Attractive Joystick p > 0.99,
Repulsive Joystick p = 0.050). Similar to the correct re-
sponses, erroneous responses were faster with gloves (factor
glove/joystick of a 2-way repeated measures ANOVA on
average RT: F (52, 1) = 27.9, p < 0.001, ηp = 34.9) and
in the attractive modality (factor attractive/repulsive of
the 2-way repeated measures ANOVA: F (52, 1) = 10.4,
p = 0.0022, ηp = 16.7), while the interaction between the
two factors is not significant (F (52, 1) = 0.09, p = 0.77,
ηp = 0.01). Furthermore, in Fig. 4 the reaction times as
function of response direction for the four different tests
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Fig. 3: Box plot representation of experimental results. The central mark indicates the median, the bottom and top of each
box represent the first and third quartiles, the whiskers extend to the most extreme data points not considered outliers.
TABLE 2: Mean and St. Deviation of correct and wrong
responses reaction times [ms].
Correct responses Wrong responses
Test Mean St. Dev. Mean St. Dev.
Attractive Glove 697 105 702 203
Repulsive Glove 773 130 810 271
Attractive Joystick 796 135 833 227
Repulsive Joystick 847 149 890 170
are shown. In the Figure, each couple of polar diagrams
corresponds to the workspace of left and right joysticks;
each symbol represents the response to a stimulus. For each
response, its radial coordinate is equal to the reaction time.
The colours in the legend indicates the direction of the vi-
bration: Forward (90 degrees), Backwards (270), Rightwards
(0), Leftward (180).
3.3 Laterality
37 out of the 53 participants have more correct responses
with their right hand (sign test on the difference of overall
correct responses with the two hands p < 0.001). Further
analysis indicates that the effect is due exclusively to the
Repulsive Joystick condition, where the number of partici-
pants with higher correct responses with stimuli delivered
on the right is 38 out of 53 (Bonferroni corrected sign test
for each condition: Attr. Glove p > .99, Rep. Glove p > .99,
Attr. Joystick p = 0.078, Rep. Joystick p < 0.001).
Reaction times and response correctness were compared
between the left and right hand for the 50 participants
that exhibited positive values of Laterality Index (LI > 0
for right-handed subjects, LI < 0 for left handed). This
analysis indicates no significant differences across the four
stimulation conditions, except for the Repulsive Joystick. In
this condition, the number of correct responses (Bonferroni
corrected sign test p = 0.004), the number of wrong ones
(p = 0.036), and the mean reaction time of wrong move-
ments (p = 0.049) indicate better performance for responses
given with the right hand.
3.4 Correct responses versus reaction time
In Fig. 5 the correct responses number for each participant
related to the mean reaction time in the four different tests
is reported together with one interpolating straight line
per condition. The graph shows that participants with a
high number of correct responses reacted also faster to the
stimuli. This relationship may be due to between-subject
variability, i.e. skilled subjects are more sensitive to vibrotac-
tile stimuli, causing less errors. By considering interpolating
lines, no information about the comparison between attrac-
tive and repulsive modalities can be obtained. The interpo-
lating lines related to Glove tests for both the attractive and
repulsive conditions are higher than the associated Joystick
conditions, suggesting that vibrotactile stimuli by gloves led
to better performance compared to stimulations provided
by joysticks.
Furthermore, a linear mixed-effects analysis has been
performed in MatlabTM in order to reveal how the linear
relationship between correct responses and reaction time
changes with the joystick/glove as a factor. In Tab. 3 the
proportion of correct responses as function of eight samples
of reaction time is reported for the different conditions.
From the Table it can easily be seen that the stimulation
coming from the joystick requires approximately 300 ms
more, on average, to achieve the same performance as the
glove condition, both for attractive and repulsive prompts.
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Fig. 4: Reaction times in function of response direction
for the four different tests. Each couple of polar diagrams
corresponds to the workspace of left and right joysticks;
each symbol represents the response to a stimulus. For each
response, its radial coordinate is equal to the reaction time.
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Fig. 5: Relation between correct responses and reaction
times, together with one interpolating straight line per test.
TABLE 3: Proportion of correct responses as function of
reaction time [ms] (predicted by means of linear mixed-
effects analysis) for the four conditions.
Glove Joystick
RT Attractive Repulsive Attractive Repulsive
[ms] [%] [%] [%] [%]
600 95.1 97.3 83.0 84.1
700 90.9 93.1 78.8 79.9
800 86.7 88.9 74.6 75.7
900 82.5 84.7 70.4 71.5
1000 78.3 80.5 66.2 67.3
1100 74.1 76.3 62.0 63.1
1200 69.9 72.1 57.8 58.9
1300 65.7 67.9 53.6 54.7
3.5 Direction patterns for wrong responses
We investigated whether the direction towards which
wrong responses have been given shows a consistent pat-
tern. Figure 6 shows the direction of wrong responses for
each stimulus direction, in attractive and repulsive stimu-
lation condition, for the left and right joysticks. Interesting
trends can be observed. In the Attractive Glove, a forward
vibration produces error responses towards the left for the
left joystick, but right for the right joystick. In the other
directions of stimulation, errors occur mainly 90 degrees
from the correct direction. This trend is present also in
Attractive Joystick condition, where the number of errors is
higher overall. Wrong responses in the repulsive stimulation
conditions occur instead in both directions adjacent to the
correct one and only rarely in the opposite direction. This
should indicate that only in few cases subjects get confused
with the repulsive stimulation and move the joystick toward
the vibration rather than in the opposite direction.
3.6 Stimulus-Response Compatibility
The experimental setup to test dual-joystick directional re-
sponses to vibrotactile stimuli presented in this work can
be also considered as a Stimulus-Response Compatibility
(SRC) test [38] [39] [40]. For this purpose, it is possible
to take into account the accuracy and correct responses
reaction times in the different directions and to analyse
the compatibility or incompatibility between stimuli and
responses in the four different conditions. In particular,
some might think that a stimulus on the back of the hand
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Fig. 6: Amount of wrong responses with respect to the
response directions for the four different tests. Each couple
of polar diagrams corresponds to the workspace of left and
right joysticks. The frequency of each polar histogram is
reported on the radius.
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Fig. 7: Mean reaction times of all participants for the four
different conditions throughout the 16 stimulations.
could be more comfortable rather than a vibration perceived
on the palm of the hand. In which condition the subjects will
respond faster? In Table 4 the accuracy, as well as mean and
standard deviation reaction times, are grouped together in
order to better highlight the differences in front, back, left
and right stimulation of the subjects hands in the different
condition and to understand when a compatible stimulus-
response relationship occurs. In particular, by considering
responses given with the right hand, subjects performed
better with vertical (i.e. front/back) rather than horizontal
(i.e. left/right) in the Repulsive Glove and in both of the
joystick conditions.
3.7 Training effect
Finally, we analysed the trend of correct responses reaction
times for the four different conditions throughout the ex-
periments. In Fig. 7 the mean reaction time for each of the
16 stimulation is reported and interesting trends emerge. In
particular, it can be seen that in the Attractive Glove test
reaction times quickly decrease from values higher than
0.8 s to below 0.7 s after 7 stimulations. This is due to
the training effect and to the progressive adaptation of the
subject to the stimuli. Furthermore, it can be noticed that
Attractive Glove reaction times are lower than those of other
conditions during the whole experiment. This fact confirms
the better performance of attractive modality with respect to
the repulsive one and of glove stimulation rather than the
joystick one. By considering the other conditions, a training
effect is present in the Repulsive Glove and in the Attractive
Joystick as well. No interesting considerations emerge from
the Repulsive Joystick condition, which can be considered
the most difficult one.
In conclusion, we investigated if reaction times depend
on whether the previous stimulation was the other hand
or not. In order to perform this, in Tab. 5 the mean and
standard deviation of correct responses reaction times are
reported for the four conditions by grouping them together
in four columns, according to the stimulated hand, and to
the previous one. In the Attractive Glove test responses are
faster with the right hand when the previous stimulated
hand was also the right one; in the Repulsive Glove reaction
times are faster with the left hand when the previous was
the same one. In Joystick conditions responses are faster
when the previous hand was the opposite one.
8TABLE 4: Accuracy [%] and correct responses reaction times [ms] in the different directions.
Left Hand Right Hand
Front Back Left Right Front Back Left Right
Attr. Glove
[%] 92.5 90.6 91.5 89.6 93.4 90.6 92.5 92.5
[ms]
Mean 685 713 669 707 697 684 668 741
St. Dev. 129 161 172 132 196 133 135 213
Rep. Glove [%] 91.5 94.3 91.5 86.8 91.5 95.3 86.8 87.7
[ms]
Mean 758 761 802 752 767 755 748 792
St. Dev. 156 178 191 190 155 149 170 214
Attr. Joystick [%] 68.9 74.5 69.8 65.1 81.1 87.7 72.6 77.4
[ms]
Mean 844 784 738 788 795 825 785 777
St. Dev. 175 212 179 262 294 256 202 215
Rep. Joystick [%] 58.5 74.5 71.7 55.7 82.1 84.9 74.5 85.6
[ms]
Mean 903 819 861 800 798 873 818 838
St. Dev. 296 168 280 155 207 231 197 224
TABLE 5: Mean and St. Dev. of correct responses reaction
times [ms] grouped together on the basis of the actual and
previous stimulated hand.
Previous hand Left Right
Stimulated hand Left Right Left Right
Attr. Glove Mean 695 684 694 669St. Dev. 166 156 136 114
Rep. Glove Mean 752 762 756 779St. Dev. 152 158 179 203
Attr. Joystick Mean 809 788 783 785St. Dev. 303 233 162 221
Rep. Joystick Mean 864 828 816 838St. Dev. 227 201 205 235
4 DISCUSSION
The results presented in this paper suggest that an efficient
way to assist an operator in a dual-joystick directional guid-
ance consists in providing haptic prompts delivered on the
back of the hands in attractive mode. Indeed, reaction times,
for Attractive Glove stimulation, ranges from about 0.5 to
0.9 seconds and they are lower than for other stimulation
cases. In this context, stimulations from gloves revealed to
be more efficient with respect to the ones from joysticks
because vibrating motors placed on gloves, on the back
of the hand, are further apart from each other and the
stimulated point on the skin is better identifiable.
On the contrary, vibrating motors placed on the joysticks
are probably too close to each other and the direction of the
stimulus on the palm of the hand could not be adequately
felt. Furthermore, the effects of stimuli on the bony parts of
the hand as well as the effects of grasping the joystick could
also have played a role in the tests. However, gloves should
be correctly worn and the vibrating disk should be into
contact with the skin. In addiction, a non correct grasp of the
joystick could result in a non perfect alignment between the
joysticks main directions and the vibrating actuators layout,
leading to motions in direction not perfectly correct.
In future, we plan to further investigate vibrotactile stim-
ulation in the training of an operator using joysticks. More
vibration schemes could be tested by varying the duration
of the stimulus and the actuators location. Furthermore,
different types of actuators (e.g. voice coil motors) could be
tested in order to improve the localisation ability. In future,
a practical training protocol could be developed on the basis
of this research results.
5 CONCLUSION
In this paper we presented the effects of vibrotactile stim-
ulation during joysticks motion training. A comparison
between attractive and repulsive stimulation has been con-
ducted. Furthermore, we investigate whether a stimulation
on the back of the hands is more efficient than the one
provided to the palm of the hands. Fifty-three people par-
ticipated in the experiment. Results showed that attractive
stimulation is significantly more efficient in terms of reaction
times with respect to the repulsive modality. Secondly, we
found that, by stimulating the back of the hands with gloves,
the subjects performed better in terms of both reaction
times and number of correct responses, with respect to a
stimulation on the palms, provided by joysticks. Finally,
we analysed the laterality, the relation between correct re-
sponses and reaction times and the direction patterns for
wrong responses. Along the same lines, we performed an
analysis on the Stimulus-Response Compatibility and on
the training effect, which will be further studied in future
developments of this work.
REFERENCES
[1] N. Mavridis, G. Pierris, P. Gallina, Z. Papamitsiou, and U. Saad,
“On the subjective difficulty of joystick-based robot arm teleop-
eration with auditory feedback,” in GCC Conference and Exhibition
(GCCCE), 2015 IEEE 8th. IEEE, 2015, pp. 1–6.
[2] M. Gonza´lez, A. Luaces, D. Dopico, and J. Cuadrado, “A 3d
physics-based hydraulic excavator simulator,” in ASME-AFM 2009
world conference on innovative virtual reality. American Society of
Mechanical Engineers, 2009, pp. 75–80.
[3] X. Su, P. S. Dunston, R. W. Proctor, and X. Wang, “Influence of
training schedule on development of perceptual–motor control
skills for construction equipment operators in a virtual training
system,” Automation in construction, vol. 35, pp. 439–447, 2013.
[4] B. Patrao and P. Menezes, “An immersive system for the training
of tower crane operators,” in 2013 2nd Experiment@ International
Conference (exp. at’13), 2013.
[5] N. Y. Jian, Y. Noda, and K. Terashima, “Simulator building for
agile control design of shipboard crane and its application to
operational training,” IFAC Proceedings Volumes, vol. 44, no. 1, pp.
7375–7383, 2011.
9[6] R. Sigrist, G. Rauter, R. Riener, and P. Wolf, “Augmented visual,
auditory, haptic, and multimodal feedback in motor learning: a
review,” Psychonomic bulletin & review, vol. 20, no. 1, pp. 21–53,
2013.
[7] J. B. Van Erp, I. Saturday, and C. Jansen, “Application of tactile
displays in sports: where to, how and when to move,” in Proc. of
Eurohaptics. Springer, 2006, pp. 105–109.
[8] D. Drobny and J. Borchers, “Learning basic dance choreographies
with different augmented feedback modalities,” in CHI’10 Ex-
tended Abstracts on Human Factors in Computing Systems. ACM,
2010, pp. 3793–3798.
[9] E. Ruffaldi, A. Filippeschi, A. Frisoli, O. Sandoval, C. A. Avizzano,
and M. Bergamasco, “Vibrotactile perception assessment for a
rowing training system,” in Proc. of World Haptics. IEEE, 2009,
pp. 350–355.
[10] D. Spelmezan, A. Schanowski, and J. Borchers, “Wearable auto-
matic feedback devices for physical activities,” in Proc. of the Fourth
International Conference on Body Area Networks. ICST (Institute for
Computer Sciences, Social-Informatics and Telecommunications
Engineering), 2009, p. 1.
[11] J. Van Der Linden, E. Schoonderwaldt, J. Bird, and R. Johnson,
“Musicjacketcombining motion capture and vibrotactile feedback
to teach violin bowing,” IEEE Transactions on Instrumentation and
Measurement, vol. 60, no. 1, pp. 104–113, 2011.
[12] A. U. Alahakone and S. A. Senanayake, “Vibrotactile feedback
systems: Current trends in rehabilitation, sports and information
display,” in 2009 IEEE/ASME International Conference on Advanced
Intelligent Mechatronics. IEEE, 2009, pp. 1148–1153.
[13] P. Kapur, S. Premakumar, S. A. Jax, L. J. Buxbaum, A. M. Dawson,
and K. J. Kuchenbecker, “Vibrotactile feedback system for intuitive
upper-limb rehabilitation,” in Proc. of World Haptics. IEEE, 2009,
pp. 621–622.
[14] P. Kapur, M. Jensen, L. J. Buxbaum, S. A. Jax, and K. J. Kuchen-
becker, “Spatially distributed tactile feedback for kinesthetic mo-
tion guidance,” in 2010 IEEE Haptics Symposium. IEEE, 2010, pp.
519–526.
[15] P. Shull, K. Lurie, M. Shin, T. Besier, and M. Cutkosky, “Haptic gait
retraining for knee osteoarthritis treatment,” in 2010 IEEE Haptics
Symposium. IEEE, 2010, pp. 409–416.
[16] J. B. Van Erp, H. A. Van Veen, C. Jansen, and T. Dobbins, “Way-
point navigation with a vibrotactile waist belt,” ACM Transactions
on Applied Perception (TAP), vol. 2, no. 2, pp. 106–117, 2005.
[17] S. Bossman, B. B. Groenendaal, J. Findlater, T. Visser, P. P.
Markopoulos et al., “Gentleguide: an exploration of haptic output
for pedestrian guidance,” 2003.
[18] D. A. Ross and B. B. Blasch, “Wearable interfaces for orientation
and wayfinding,” in Proc. of the fourth international ACM conference
on Assistive technologies. ACM, 2000, pp. 193–200.
[19] J. B. Van Erp and H. Van Veen, “Vibro-tactile information presen-
tation in automobiles,” in Proc. of Eurohaptics, vol. 2001, 2001, pp.
99–104.
[20] H. A. Van Veen and J. B. Van Erp, “Tactile information presentation
in the cockpit,” in Haptic Human-Computer Interaction. Springer,
2001, pp. 174–181.
[21] R. W. Lindeman, J. L. Sibert, E. Mendez-Mendez, S. Patil, and
D. Phifer, “Effectiveness of directional vibrotactile cuing on a
building-clearing task,” in Proc. of the SIGCHI conference on Human
factors in computing systems. ACM, 2005, pp. 271–280.
[22] C. Wall, M. S. Weinberg, P. B. Schmidt, and D. E. Krebs, “Balance
prosthesis based on micromechanical sensors using vibrotactile
feedback of tilt,” IEEE Transactions on Biomedical Engineering,
vol. 48, no. 10, pp. 1153–1161, 2001.
[23] K. H. Sienko, M. D. Balkwill, and C. Wall, “Biofeedback improves
postural control recovery from multi-axis discrete perturbations,”
Journal of neuroengineering and rehabilitation, vol. 9, no. 1, p. 1, 2012.
[24] K. E. Bechly, W. J. Carender, J. D. Myles, and K. H. Sienko,
“Determining the preferred modality for real-time biofeedback
during balance training,” Gait & posture, vol. 37, no. 3, pp. 391–
396, 2013.
[25] L. J. Janssen, L. L. Verhoeff, C. G. Horlings, and J. H. Allum,
“Directional effects of biofeedback on trunk sway during gait tasks
in healthy young subjects,” Gait & posture, vol. 29, no. 4, pp. 575–
581, 2009.
[26] B.-C. Lee, B. J. Martin, and K. H. Sienko, “Directional postural
responses induced by vibrotactile stimulations applied to the
torso,” Experimental brain research, vol. 222, no. 4, pp. 471–482, 2012.
[27] ——, “The effects of actuator selection on non-volitional postural
responses to torso-based vibrotactile stimulation,” Journal of neu-
roengineering and rehabilitation, vol. 10, no. 1, p. 1, 2013.
[28] B.-C. Lee, B. J. Martin, A. Ho, and K. H. Sienko, “Postural reor-
ganization induced by torso cutaneous covibration,” The Journal of
Neuroscience, vol. 33, no. 18, pp. 7870–7876, 2013.
[29] D. Spelmezan, M. Jacobs, A. Hilgers, and J. Borchers, “Tactile
motion instructions for physical activities,” in Proc. of the SIGCHI
Conference on Human Factors in Computing Systems. ACM, 2009,
pp. 2243–2252.
[30] C. Kinnaird, J. Lee, W. J. Carender, M. Kabeto, B. Martin, and
K. H. Sienko, “The effects of attractive vs. repulsive instructional
cuing on balance performance,” Journal of neuroengineering and
rehabilitation, vol. 13, no. 1, p. 1, 2016.
[31] B.-C. Lee and K. H. Sienko, “Effects of attractive versus repulsive
vibrotactile instructional cues during motion replication tasks,”
in 2011 Annual International Conference of the IEEE Engineering in
Medicine and Biology Society. IEEE, 2011, pp. 3533–3536.
[32] K. Bark, P. Khanna, R. Irwin, P. Kapur, S. A. Jax, L. J. Buxbaum,
and K. J. Kuchenbecker, “Lessons in using vibrotactile feedback
to guide fast arm motions,” in Proc. of World Haptics Conference.
IEEE, 2011, pp. 355–360.
[33] C. Jansen, A. Oving, and H.-J. van Veen, “Vibrotactile movement
initiation,” in Proc. of Eurohaptics. Springer, 2004, pp. 110–117.
[34] J. V. S. Luces, K. Okabe, Y. Murao, and Y. Hirata, “A phantom-
sensation based paradigm for continuous vibrotactile wrist guid-
ance in two-dimensional space,” IEEE Robotics and Automation
Letters, vol. 3, no. 1, pp. 163–170, 2018.
[35] M. M. Coad, A. M. Okamura, S. Wren, Y. Mintz, T. S. Lendvay,
A. M. Jarc, and I. Nisky, “Training in divergent and convergent
force fields during 6-dof teleoperation with a robot-assisted surgi-
cal system,” in 2017 IEEE World Haptics Conference (WHC). IEEE,
2017, pp. 195–200.
[36] L. Scalera, S. Seriani, P. Gallina, M. Di Luca, and A. Gasparetto,
“An experimental setup to test dual-joystick directional responses
to vibrotactile stimuli,” in 2017 IEEE World Haptics Conference
(WHC). IEEE, 2017, pp. 72–77.
[37] R. C. Oldfield, “The assessment and analysis of handedness: the
edinburgh inventory,” Neuropsychologia, vol. 9, no. 1, pp. 97–113,
1971.
[38] J. R. Simon and J. D. Wolf, “Choice reaction time as a function of
angular stimulus-response correspondence and age,” Ergonomics,
vol. 6, no. 1, pp. 99–105, 1963.
[39] B. Hommel, “Inverting the simon effect by intention,” Psychological
Research, vol. 55, no. 4, pp. 270–279, 1993.
[40] R. Ellinghaus, M. Karlbauer, K. M. Bausenhart, and R. Ulrich,
“On the time-course of automatic response activation in the simon
task,” Psychological Research, pp. 1–10, 2017.
Lorenzo Scalera was born in Trieste (Italy) in
1991. He achieved the Bachelor’s Degree in
Industrial Engineering and the Master’s Degree
in Mechanical Engineering, both with honours,
at University of Trieste in 2012 and 2015, re-
spectively. He is currently a PhD student in Ap-
plied Mechanics and Robotics at University of
Udine (Italy). His research interests are haptics,
human-robot interaction, collaborative robotics
for artistic applications, cable-robots and dy-
namic modelling of flexible-link mechanisms.
Stefano Seriani, born in Trieste (Italy) in
1986, received his B.E. in Industrial Engineer-
ing (2010), his M.Sc in Mechanical Engineering
(2012) and his Ph.D. in Applied Mechanics and
Robotics in 2016 from the University of Trieste,
Italy. In 2016 he was research fellow at the In-
stitute of Robotics and Mechatronics of the Ger-
man space agency (DLR). He is now research
fellow at University of Trieste. His research inter-
ests include space robotics, applied mechanics,
computer-vision and image processing.
10
Paolo Gallina achieved the Master degree in
Mechanical Engineering from the University of
Padova, Italy in 1996 and the Ph.D. in Applied
Mechanics from the University of Brescia, Italy
in 1999. He is currently associate professor of
Applied Mechanics at the Department of Civil
Engineering and Architecture, University of Tri-
este, Trieste (Italy). He was visiting professor at
the Ohio University (Athens, Ohio) in 2000/1. In
2002 he implemented a hands-on Mechatronic
Laboratory for students in Engineering. In 2003
he implemented a Robotics Laboratory where he carries out his main
research in robotics. In 2004 he was visiting professor at the Colorado
University (Boulder, Colorado), at the “Centre for Advanced Manufac-
turing and Packaging of Microwave, Optical and Digital Electronics”, in
order to collaborate on mechatronics and micromechanics fields. He
was head of the Council for Students in Mechanical Engineering Degree
from 2004 to 2008. Head of the master’s program: “Safety and hygiene
in the working environment” from 2006 to 2008. His interests are in
vibrations, human-machine interfaces, robotics, especially applied to
rehabilitation.
Massimiliano Di Luca worked as a scientist at
the Max Planck Institute for Biological Cybernet-
ics (Germany). In 2011 he joined the University
of Birmingham (UK) as Lecturer in the Com-
putational Neuroscience and Cognitive Robotics
research centre. In 2016 he spent his sabbatical
at Oculus (USA). Since July 2017 he is on sec-
ondment leave to work at Facebook (Oculus). Dr
Di Luca’s research interest is human perception.
Using psychophysical methods and computa-
tional modelling, he investigates how the human
brain combines multisensory information for perception and action.
Alessandro Gasparetto achieved the Master
degree in Electronic Engineering from the Uni-
versity of Padova, Italy in 1992, the Ph.D. in Me-
chanics Applied to Machines from the University
of Brescia, Italy in 1996 and the Master degree in
Mathematics from the University of Padova, Italy
in 2003. He is currently Full Professor of Me-
chanics of Machines at the Polytechnic Depart-
ment of Engineering and Architecture, University
of Udine (Italy), where he is the head of the
research group in Mechatronics and Robotics
and has several scientific and institutional appointments. He is currently
Vice-Rector for Quality Assurance at the University of Udine and Presi-
dent of IFToMM Italy, member organization of IFToMM (the International
Federation for the Promotion of Mechanism and Machine Science). His
research interests are in the fields of: modeling and control of mecha-
tronic systems, robotics, mechanical design, industrial automation, me-
chanical vibrations. He is author of about 180 international publications
and of three patents in the field of industrial automation.
